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Abstract 15 
The mineral tilleyite-Y, a carbonate-silicate of calcium,  has been studied by scanning 16 
electron microscopy with chemical analysis using energy dispersive spectroscopy (EDX) and 17 
Raman and infrared  spectroscopy. Multiple carbonate stretching modes are observed and 18 
support the concept of non-equivalent carbonate units in the tilleyite structure.  Multiple 19 
Raman and infrared bands in the OH stretching region are observed, proving the existence of 20 
water in different molecular environments in the structure of tilleyite. Vibrational 21 
spectroscopy offers new information on the mineral tilleyite. 22 
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The mineral tilleyite, a calcium silicate carbonate, with general chemical formula given as 33 
Ca5Si2O7(CO3)2. The mineral was first described from Crestmore quarries, Riverside Co., 34 
California, USA [1]. Other occurrences were also reported from Flekkeren, Telemark, 35 
Norway [2]; Oraviţa Skarns, Banat Mts, Caras-Severin Co., Romania [3] and Anakit 36 
Creek, Krasnoyarsk Territory, Eastern-Siberian Region, Russia [4, 5]. Tilleyite forms in the 37 
contact metamorphic zone between igneous rocks and limestones, formed at low pressure and 38 
high temperature.  39 
 40 
The crystal structure was first determined by Smith [6] and latter refined by Louisnathan and 41 
Smith [7] and in recent study by Grice [8]. Tilleyite crystalizes with monoclinic symetry and 42 
the unit cell parameters are: P21/a, a = 15.082(3), b = 10.236(2), c = 7.572(1) Å, β = 105.17°, 43 
V = 1128.3(3) Å3[7,8]. The structure of tilleyite has [CaO8] polyhedra adjoining [CO3] groups 44 
in one layer, whereas [CaO8] polyhedra intertwine [Si2O7] pairs of tetrahedra in the other 45 
layer [7,8]. 46 
 47 
Spectroscopy of carbonate anion 48 
It  is important to understand the vibrational spectroscopy of the carbonate anion in different 49 
molecular environments. Nakamoto et al. first published and tabulated the selection rules for 50 
unidenate and bidentate anions including the carbonate anion [10, 11]. The free ion, CO32- 51 
with D3h symmetry exhibits four normal vibrational modes; a symmetric stretching vibration 52 
(ν1), an out-of-plane bend (ν2), a doubly degenerate asymmetric stretch (ν3) and another 53 
doubly degenerate bending mode (ν4). The symmetries of these modes are A1´ (R) + A2´´ (IR) 54 
+ E´ (R, IR) + E´´ (R, IR) and occur at 1063, 879, 1415 and 680 cm-1 respectively. Generally, 55 
strong Raman modes appear around 1100 cm-1 due to the symmetric stretching vibration (ν1), 56 
of the carbonate groups, while intense IR and weak Raman peaks near 1400 cm-1 are due to 57 
the antisymmetric stretching mode (ν3). Infrared modes near 800 cm-1 are derived from the 58 
out-of-plane bend (ν2). Infrared and Raman modes around 700 cm-1 region are due to the in-59 
plane bending mode (ν4). This mode is doubly degenerate for undistorted CO32- groups [11]. 60 
As the carbonate groups become distorted from regular planar symmetry, this mode splits 61 
into two components [11]. Infrared and Raman spectroscopy provide sensitive test for 62 
structural distortion of CO32. 63 
 64 
 65 
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There have been very few studies of mixed anion minerals containing silicate and carbonate.  66 
This is the first study of the Raman and infrared spectroscopy of tilleyite. The novelty of this 67 
work rests with the application of vibrational spectroscopy to the study of the mineral 68 
tilleyite. This type of study is important as new materials based upon the tilleyite structure 69 
may be invented. As part of our comprehensive research into minerals containing oxyanions, 70 
we report the SEM with EDX and vibrational spectroscopy of tilleyite and related the spectra 71 
to the structure of the mineral. 72 
 73 
Experimental 74 
Samples description and preparation 75 
The tilleyite sample studied in this work is from Kushiro, Hiba-gun, Hiroshima prefecture,  76 
Honshu Island, Japan. The mineral is part in a contact metamorphism paragenesis and occurs 77 
in association with vesuvianite and wollastonite. 78 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    79 
The compositions have been reported by Anthony et al. (page 192) [9]. The sample was 80 
incorporated to the collection of the Geology Department of the Federal University of Ouro 81 
Preto, Minas Gerais, Brazil, with sample code SAD-044. The sample was gently crushed and 82 
the associated minerals were removed under a stereomicroscope Leica MZ4. Qualitative and 83 
semiquantitative chemical analysis via SEM/EDS were applied to the mineral 84 
characterization.   85 
 86 
Scanning electron microscopy (SEM) 87 
Experiments and analyses involving electron microscopy were performed in the Center of 88 
Microscopy of the Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 89 
Brazil (http://www.microscopia.ufmg.br). 90 
 91 
Tilleyite crystals were coated with a 5nm layer of evaporated carbon. Secondary Electron and 92 
Backscattering Electron images were obtained using a JEOL JSM-6360LV equipment. 93 
Qualitative and semi-quantitative chemical analyses in the EDX mode were performed with a 94 
ThermoNORAN spectrometer model Quest and was applied to support the mineral 95 
characterization. 96 
 97 
Raman microprobe spectroscopy 98 
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Crystals of tilleyite were placed on a polished metal surface on the stage of an Olympus 99 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 100 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 101 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 102 
Spectra-Physics model 127 He-Ne laser producing highly polarized light at 633 nm and 103 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 104 
200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 105 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Raman Spectra 106 
were calibrated using the 520.5 cm-1 line of a silicon wafer.  The Raman spectrum of at least 107 
10 crystals was collected to ensure the consistency of the spectra.  108 
 109 
An image of the tilleyite crystals measured is shown in the supplementary information as 110 
Figure S1.  Clearly the crystals of tilleyite are readily observed, making the Raman 111 
spectroscopic measurements readily obtainable. 112 
 113 
Infrared spectroscopy 114 
Infrared spectra of tilleyite were obtained using a Nicolet Nexus 870 FTIR spectrometer with 115 
a smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 cm-1 range 116 
were obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror 117 
velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   118 
 119 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 120 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 121 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 122 
that enabled the type of fitting function to be selected and allows specific parameters to be 123 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 124 
function with the minimum number of component bands used for the fitting process. The 125 
Lorentzian-Gaussian ratio was maintained at values greater than 0.7 and fitting was 126 
undertaken until reproducible results were obtained with squared correlations of r2 greater 127 
than 0.995. 128 
 129 
Results and discussion 130 
Chemical characterization 131 
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The SEM image of tilleyite sample studied in this work is shown in Figure 1. The image 132 
shows a fragment of a single crystal up to 0.5 mm. The fragment shows irregular and 133 
concoidal fractures. The chemical analysis is provided in Figure 2.  The chemical 134 
composition of the measured mineral sample shows the presence of Ca, C and Si. Minor 135 
amounts of Al were also observed.  136 
 137 
Vibrational  spectroscopy 138 
 139 
Vibrational spectroscopy of tilleyite 140 
The Raman spectrum of tilleyite in the 4000 to 100 cm-1 spectral range is displayed in Figure 141 
3a. This spectrum shows the position and relative intensities of the Raman bands. It is noted 142 
that there are large parts of the spectrum where no intensity or minimal intensity is observed. 143 
Thus, the spectrum is subdivided into subsections depending upon the type of vibration being 144 
studied. The infrared spectrum of tilleyite in the 4000 to 500 cm-1 spectral region is shown in 145 
Figure 3b. This figure shows the position of the infrared bands and their relative intensities. 146 
This spectrum displays the position and relative intensities of the infrared bands. As for the 147 
Raman spectrum, there are parts of the spectrum where little or no intensity is observed.  148 
 149 
The Raman spectrum of tilleyite over the 1150 to 950 cm-1 spectral range is reported in 150 
Figure 4a. An intense Raman band at 1086 cm-1 with shoulder bands at 1080 and 1093 cm-1 is 151 
assigned to the CO32- ν1 symmetric stretching mode [12-14]. Thus, there appears to be bands 152 
attributable to more than one symmetric stretching modes of the carbonate anion.  One 153 
interpretation of this fact is that there are two distinct non-equivalent carbonate units in the 154 
structure of tilleyite.  Two broad very low intensity Raman bands at 1047 and 1067 cm-1 are 155 
attributed to the Si2O7 ν3 antisymmetric stretching mode. Other Raman bands are observed at 156 
986, 999, 1010 and 1018 cm-1. It is thought that some of these bands are due to the Si2O7 ν1 157 
symmetric stretching mode [15-18]. 158 
 159 
The infrared spectrum of tilleyite over the 1150 to 650 cm-1 spectral range is shown in Figure 160 
4b. The infrared spectrum is complex to say the least. In this spectrum, there are three distinct 161 
spectral features (a) the set of infrared bands centred upon 1060 cm-1, (b) the infrared bands 162 
around 873 cm-1 and (c) the set of overlapping bands between 650 and 750 cm-1.  The 163 
infrared bands are quite well resolved. The set of infrared bands at 1020, 1037, 1060, 1080 164 
and 1084 cm-1 are assigned to the CO32- antisymmetric and symmetric stretching modes [16-165 
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18].  The infrared bands at 697, 703 and 713 cm-1 are assigned to the CO32- ν2 bending 166 
modes. The strong infrared bands at 918, 848, 973 and 998 cm-1 are considered to be 167 
associated with Si2O7 antisymmetric and symmetric stretching modes 168 
 169 
The Raman spectrum of tilleyite over the 600 to 350 cm-1 spectral range is reported in Figure 170 
5a.  The Raman bands at 450, 456, 483, 493, 505, 528, 546 and 572 cm-1 are assigned to the 171 
Si2O7 ν4 bending modes. In the infrared spectrum (Figure 4b), the series of low intensity 172 
bands at 687, 703 and 713 cm-1 may also be attributed to this vibrational mode. The series of 173 
Raman bands at 589, 611, 674 and 689 cm-1 are assigned to the CO32- ν2 bending modes [12-174 
18].  In the Raman spectrum (Figure 5b), the low intensity bands at 155, 176, 182, 197, 204, 175 
234, 260. 273, 282, 295, 302, 321 and 329 cm-1 are attributed to lattice vibrational modes.   176 
 177 
The Raman spectrum of tilleyite over the 3700 to 3500 cm-1 spectral range is shown in Figure 178 
6a. The spectrum shows well resolved Raman bands with well resolved bands at 3574, 3578, 179 
3594, 3629, 3635 and 3638 cm-1.   The first two bands at 3574 and 3594 cm-1 are assigned to 180 
water stretching vibrations. The Raman bands at 3629, 3635 and 3638 cm-1 are attributed to 181 
the stretching vibrations of hydroxyl units. The observation of bands in the OH stretching 182 
region brings into question the actual formula of tilleyite. The Raman spectrum in this 183 
spectral region shows the presence of water and OH units in the structure of tilleyite. These 184 
observations are confirmed by the bands in the OH stretching region in the infrared spectrum.  185 
The infrared spectrum of tilleyite over the 2800 to 3800 cm-1 spectral range is shown in 186 
Figure 6b.  Infrared bands are resolved at 3575, 3590, 3625 and 3635 cm-1. These bands are 187 
attributed to water and OH stretching vibrations. The infrared bands at 2851, 2919 and 2938 188 
cm-1 are assigned to the stretching vibrations of organic impurities.  189 
 190 
The Raman spectrum of tilleyite over the 1800 to 1400 cm-1 spectral range is shown in Figure 191 
7a. Raman bands are observed at 1412, 1432, 1436, 1442 and 1501 cm-1. These bands are 192 
assigned to the CO32- ν3 antisymmetric stretching modes. Intense Raman bands are also noted 193 
at 1838, 1748 and 1752 cm-1. The observation of multiple bands in this spectral region is in 194 
harmony with the number of Raman bands in the OH stretching region (Figure 6a).  These 195 
bands show that water exists in the structure of tilleyite in different molecular environments 196 
with differing bond strengths. The infrared spectrum of tilleyite over the 1850 to 1700 cm-1 197 
spectral range is shown in Figure 7b.  Infrared bands are found at 1776, 1795 and 1812 cm-1.   198 
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 199 
Studies have shown a strong correlation between OH stretching frequencies and both O…O 200 
bond distances and H…O hydrogen bond distances [19-24]. Libowitzky (1999) showed that a 201 
regression function can be employed relating the hydroxyl stretching frequencies with 202 
regression coefficients better than 0.96 using infrared spectroscopy [24]. The function is 203 
described as: ν1 = 1321.0
)(
109)3043592(
OOd −−
×− cm-1. Thus OH---O hydrogen bond distances may 204 
be calculated using the Libowitzky empirical function. The values for the OH stretching 205 
vibrations detailed above provide hydrogen bond distances of 0.2735 pm (3279 cm-1), 206 
0.27219 pm (3237 cm-1). Frueh and Golightly suggested some hydrogen bonding exists for 207 
tilleyite [24].  The values calculated here,  support the concept of strong hydrogen bonding 208 
between the OH units and the carbonate anions in the tilleyite structure.  209 
 210 
Conclusions 211 
The physical properties of the mineral tilleyite have not been fortcoming.  In this work the 212 
mineral tilleyite from Japan was analysed using a combination of SEM with EDX and 213 
vibrational spectroscopy. EDX analysis shows the presence of Ca, C, Si and minor amounts 214 
of Al in substitution to Si. 215 
 216 
Raman and infrared bands are attributed to the symmetric and antisymmetric stretching 217 
modes and bending modes of the CO32- and Si2O7 units. The mineral tilleyite is characterised 218 
by multiple CO32- stretching and bending modes, giving credence to the existence of more 219 
than one non-equivalent unit in the tilleyite structure.  Intense Raman band at 1086 cm-1 with 220 
shoulder bands at 1080 and 1093 cm-1 is assigned to the CO32- ν1 symmetric stretching mode.  221 
Two broad very low intensity Raman bands at 1047 and 1067 cm-1 are attributed to the Si2O7 222 
ν3 antisymmetric stretching mode. Raman bands at 765 and 775 cm-1 are assigned to the 223 
CO32- ν4 bending modes and Raman bands at 589, 611, 674 and 689 cm-1 are assigned to the 224 
CO32- ν2 bending modes. The Raman and infrared spectrum of tilleyite in the water OH 225 
stretching and water bending region shows multiple bands thus providing evidence for the 226 
existence of water in the structure of tilleyite in different molecular environments with 227 
different hydrogen bond strengths.  228 
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Figure 1 - Backscattered electron image (BSI) of a tilleyite crystal aggregate up to 0.5 305 
mm in length.  306 
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Figure 2 - EDX analysis of tilleyite. 314 
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Figure 3 (a) Raman spectrum of tilleyite over the 100 to 4000 
cm-1 spectral range (upper spectrum) (b) Infrared spectrum 
of tilleyite over the 500 to 4000 cm-1 spectral range (lower 
spectrum) 
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Figure 4a Raman spectrum of tilleyite (upper spectrum) in the 
950 to 1150  cm-1 spectral range and Figure 4b infrared 
spectrum of tilleyite (lower spectrum) in the 650 to 1150  cm-1 
spectral range 
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Figure 5a Raman spectrum of tilleyite (upper spectrum) in 
the 350 to 600  cm-1 spectral range and Figure 5b Raman 
spectrum of tilleyite (lower spectrum) in the 100 to 350  cm-1 
spectral range 
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Figure 6a Raman spectrum of tilleyite (upper spectrum) in the 
3500 to 3700  cm-1 spectral range and Figure 6b infrared spectrum 
of tilleyite (lower spectrum) in the 2800 to 3800  cm-1 spectral 
range 
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Figure 7a Raman spectrum of tilleyite (upper spectrum) in the 
1400 to 1800  cm-1 spectral range and Figure 7b infrared spectrum 
of tilleyite (lower spectrum) in the 1700 to 1850  cm-1 spectral 
range 
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